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Insect cells (Aedes albopictus, clone C6/36) were infected with various variants of Semliki Forest virus including the wild
type using the SFV replicon system. The variants included deletion mutants lacking one of the structural proteins and a
mutant with a point mutation in p62 (SQL). The latter mutation results in a failure to process p62 to E2 and E3. After infection
of the cells with different variant viruses and subsequent expression of viral proteins in the host cell plasma membrane
low pH-induced pore formation was detected by measuring the efflux of a radiolabeled compound. The results of these
experiments clearly showed that the E1 protein is mandatory for the acid-induced pore formation. A participation of the 6K
or C-protein could be excluded. Furthermore, results obtained with the SQL mutant suggest that dissociation of the E1/E2
heterodimer and subsequent homooligomerization of E1 are required for pore formation. q 1996 Academic Press, Inc.
The entry pathway of many enveloped viruses can be the formation of a E1 homotrimer, and the exposure of a
fusion peptide on the E1-protein (6). Furthermore, thedivided into four stages: (i) Binding of the virus to the
cell surface, (ii) internalization via coated vesicles and conformational change leads to a permeability change
of the virion membrane or a cell membrane expressingtransfer to the endosomes, (iii) low pH induced fusion of
the viral with the endosomal membrane, and (iv) virus the spike proteins due to the formation of a pore (8–12).
This pore formation is dependent on the ectodomain ofuncoating resulting in the release of the viral genome
(1). The mechanism of penetration and uncoating has the spike and was detected on infected cells expressing
the viral proteins as well as with isolated virions. Severallong been of interest, as it could be a possible target for
antiviral therapy. The best studied viruses, with respect lines of evidence lead to the hypothesis that the E1-
protein plays a crucial role (12). However, it was alsoto entry and uncoating, are Semliki Forest virus (SFV)
and influenza A. SFV is composed of five structural pro- shown that the 6K protein modifies membrane permeabil-
ity after its expression in Escherichia coli (13).teins. The capsid (C-) protein (240 copies) forms together
with the (/)-sense RNA the nucleocapsid that is sur- It was hypothesized that this pore formation might play
a crucial role in the penetration and uncoating process ofrounded by a lipid envelope. The envelope contains 80
spikes composed of the two major transmembrane pro- SFV (14), similar to the hypothesis described for influenza
virus (15). Thus, it is important to know which of the viralteins, the E1- and E2-protein, and the peripheral E3-pro-
tein (240 copies of each) (2). Additionally, minor amounts structural proteins plays the key role in this process.
This question was addressed using the SFV repliconof the small 6K protein are found in the viral membrane
(approx. 3% compared to the spike proteins) (3). system (16). Several cDNA’s encoding for either deletion
mutants or a point mutation were used to produce SFVSeveral functions have been attributed to the spike
proteins. The precursor of the E2 and E3 protein, the p62 variants. The cDNA was transcribed and capped in vitro
and packaged into functional, infectious SFV particles asmay be responsible for the transport of the E1 protein to
the plasma membrane (4). The E1 protein is involved in described by Garoff et al. These particles were used to
infect Aedes albopictus cells (clone C6/36) cultured inthe acid-induced fusion process (5–7). At a mildly acidic
pH the spike proteins undergo a conformational change Mitsuhashi–Maramorosch medium (MM-medium). Ex-
pression of the encoded viral proteins was tested bythat results in the dissociation of the E1/E2/E3 complex,
immunofluorescence. Infected and noninfected cells
were loaded with 14C-aminoisobutyric acid (14C-AIB) and1 To whom correspondence and reprint requests should be ad-
pore formation was detected as described previously bydressed at Institute of Biochemistry, University of Bern, Freiestrasse 3,
measuring the efflux of the tracer (11).3012 Bern, Switzerland. Fax: /41-31-6313383. E-mail: kempf@ibc.uni-
be.ch. The first variant tested was a deletion mutant encoding
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TABLE 1
SFV Deletion- and Point-Mutations and Their Characteristics
Construct Characteristics
C-p62-6K-E1 Corresponds to the wild type (w.t.) of
SFV
C-p62-6K Encodes for all structural proteins
except the E1 protein
C-p62-E1 (D6K) Encodes for all structural proteins
except the 6K protein
p62-6K-E1 Encodes for all spike proteins except for
the C protein
p62*-6K-E1 Encodes for all the spike proteins
(SQL-spike) except for the C protein and has an
uncleavable mutation at the E2-E3
boundary
E1 Encodes for the E1 spike protein only
Helper 1 Encodes for all structural proteins and
has no packaging signal FIG. 1. Low pH induced pore formation in cells expressing the C,
E1, E2, and E3 proteins (C-E1-p62). cDNA of mutant was translated,
Note. The DNA is based on the pSP6-SFV4 expression system (16). capped in vitro, and electroporated into baby hamster kidney cells
The in vitro-transcribed and capped recombinant RNA was packaged (BHK-21) together with helper 1 RNA, whereby the variant SFV RNA
into infectious particles using helper 1. was packaged into infectious particles. Confluent Aedes albopictus
cells in six well plates were infected with these particles at a multiplicity
of 5 to 10 PFU/cell. The infected cells were incubated for 16 hr atfor all structural proteins of SFV (C-p62-E1; see Table 1)
287. Subsequently the cells were loaded with 14C-aminoisobutyric acid,
except the 6K protein (D6K). As depicted in Fig. 1, a clear washed, and exposed to either neutral (pH 7.4) or acidic (pH 5.6) me-
increase of the cellular membrane permeability was ob- dium, respectively. At various time intervals aliquots of the cell superna-
tant were taken and the radioactivity was measured. At the end ofserved at mildly acidic pH (5.6) with cells expressing the
the incubation the cells were lysed in order to determine the totalD6K mutant. The efflux of 14C-AIB reached up to 95% of
radioactivity. The efflux was calculated and expressed as [% efflux oftotal within 30 min. This low pH-induced permeability
total]. Expression of the viral proteins was tested by immunofluores-
change is comparable to the one observed with wild- cence and approximately 95% of all cells showed positive. The curves
type virus (Table 2 and (11)). In contrast, infected cells represent the average values obtained from three independent experi-
ments.exposed at neutral pH showed an efflux of 14C-AIB of
approximately 30% only after 30 min, analogous to mock-
infected cells (Table 2 and (11)). This result clearly dem-
collaborators demonstrating the pore formation on iso-onstrates that low pH-induced pore formation does not
lated SFV from which the E2 ectodomains had been re-require the presence of the 6K protein. Several lines of
moved by partial proteolysis (12). However, in all experi-evidence support this notion: (i) proteolytic digestion of
ments leading to these conclusions, either all structuralSFV particles abolished proton influx across the viral
envelope, indicating that the ectodomains of the SFV
spike proteins are primarily involved in the formation of
TABLE 2the pore (10, 12), and (ii) the 6K deletion mutant is capa-
Low pH Induced Efflux of 14C-AIB in Aedes Cellsble of producing infectious particles as could be demon-
Infected with Variant SFVstrated by their ability to form plaques, even though they
were smaller than those obtained with w.t.-SFV (17).
Efflux [% of total after 30 min]
Thus the function of the 6K protein and its property to Construct expressed
modulate the membrane permeability has to play another in Aedes cells pH 7.4 pH 5.6 pH 4.5
role than in the penetration and uncoating process. Most
C-p62-6K-E1 (w.t.) 17 { 6 98 { 5 —probably it may explicit its function in the assembly pro-
C-p62-E1 (D6K) 31 { 6 96 { 9 —cess of the virus.
p62-6K-E1 (DC) 11 { 6 87 { 11 —
Previously, Schlegel et al. (10) had shown that this low C-p62-6K (DE1) 25 { 7 17 { 6 —
pH-induced pore formation is dependent on the ectodo- E1 28 { 9 15 { 5 —
p62*-6K-E1 (SQL-spike) 21 { 8 14 { 6 81 { 12mains of the viral spike. Lanzrein et al. suggested that
Mock-infected 24 { 8 12 { 3 —the E1-protein represents the functional unit in pore for-
mation (14). This hypothesis was based on experiments
Note. Aedes cells were infected with different deletion- and point-
showing that monoclonal antibodies against E1 strongly mutations packaged in helper 1 and efflux experiments were performed
hampered the low pH-induced permeability change. This as described in Fig. 1. The values indicated show the efflux reached
after 30 min and represent the mean of three independent experiments.was further supported by a recent report of Spyr and
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proteins were present or at best, the ectodomain of the 5.6. Cleavage of p62 is not essential for membrane fusion
per se. But, a crucial event activating the fusion processE2 protein was absent.
So far all data support the hypothesis that the E1- seems to be the dissociation of the E2/E1 heterodimer
(6). This in turn is facilitated by the cleavage of p62. Thus,protein might be the key element for the low pH-induced
pore formation by SFV spikes. Thus, the obvious experi- the p62* prevents the spike proteins from dissociation
and subsequent formation of E1 homotrimers. However,ment to perform would be to express the E1-protein on
plasma membranes only and to test for low pH-induced at pH 4.5 this block could be overcome (22).
To test the above mentioned hypothesis, Aedes cellspermeability changes. However, previous experiments
showed that even though the E1-protein could be ex- were infected with a variant virus encoding for an unclea-
vable p62 (SQL, see Table 1). This SQL-spike mutantpressed in vertebrate cells, it was not transported to
the plasma membrane. Infection of Aedes cells with a functions very much like the previously described mu-
tants mutE and mutL (22). At 16 hr postinfection the cellsconstruct that encoded solely the E1-protein confirmed
these results. The E1-protein was expressed as could were exposed to pH 7.4, 5.6, or 4.5, respectively. These
cells were examined for cell–cell fusion by light micros-be shown by immunofluorescence using a monoclonal
antibody against the protein but was not transported to copy. Infected cells that were exposed to pH 5.6 showed
no evidence for fusion compared to control cells (pHthe plasma membrane (data not shown). Thus, no low
pH-induced pore formation could be observed using this 7.4), whereas infected cells exposed to pH 4.5 formed
polykaryons (data not shown). In parallel SQL-spike-in-construct (Table 2). However, this experiment also dem-
onstrated that the previously observed permeability fected cells were loaded with 14C-AIB and its efflux was
measured after exchanging the extracellular mediumchanges using the various SFV variants did not represent
an artefact of the SFV replicon system. with medium of pH 7.4, 5.6, or 4.5, respectively. As listed
in Table 2, SQL-spike-infected cells exposed to pH 5.6Since it seems not possible to provide direct proof that
the E1-protein alone is responsible for the pore formation showed no increase in membrane permeability com-
pared to mock-infected cells. In contrast, exposure ofan indirect approach had to be chosen. Taking into con-
sideration all evidences that the E1 plays the key role it infected cells to pH 4.5 resulted in an efflux comparable
to wild-type-infected cells exposed to pH 5.6. Thus, thesewould be predicted that a deletion of the E1-protein
would prevent the low pH-induced pore formation. Con- results strongly suggest that dissociation of the hetero-
dimers followed by homooligomerization of the E1-pro-sequently cells were infected with the construct C-p62-
6K (DE1) and low pH-induced permeability change was teins plays a role in low pH induced pore formation when
complete SFV spikes are present.assessed by measuring 14C-AIB efflux. As shown in Table
2 omission of E1 totally abolished the low pH-induced In conclusion the data presented clearly demonstrate
that the E1-protein is a mandatory component for thepermeability change. The efflux at pH 5.6 was reduced to
control (noninfected cells) level. This result demonstrates low pH-induced pore formation by SFV spikes. This pore
formation that was observed with cells expressing thethat the presence of the E1-protein is a prerequisite for
the low pH-induced pore formation by SFV spikes. Thus, viral spike proteins and with isolated virions (9, 12) may
play a crucial role in the penetration and uncoating pro-the previously published observations that (i) low pH-
induced permeability change in SFV-infected cells could cess of SFV. A corresponding hypothesis was previously
presented by Lanzrein and collaborators (14). Briefly, SFVbe strongly hampered by monoclonal antibodies directed
against the E1 protein, whereas monoclonal antibodies enters the cell via endocytosis. Triggered by the acidic
conditions within this compartment the spike proteinsagainst E2 or a ‘‘nonsense’’ monoclonal mouse IgG (puri-
fied mouse myeloma protein IgG 2a) of the same sub- undergo a conformational change, that leads to (i) pore
formation across the viral membrane and (ii) exposureclass as the anti E1 and E2 antibodies showed no effect
at all (21), and (ii) E1 particles generated from SFV by of the putative fusion peptide located in the E1 protein
(Lys-79 to Asp-97) and subsequent fusion of the viralpartial proteolysis removing the E2 ectodomain show
pore formation identical to intact SFV (12). Taken together with the endosomal membrane. Pore formation allows
protons to cross the viral membrane and to trigger struc-with the present data, this strongly suggests that the E1-
protein per se forms the pore. tural changes within the nucleocapsid. Exposure of iso-
lated SFV to mildly acidic pH resulted in a shrinkingLanzrein et al. had previously presented a hypothesis
for the pore formation by SFV spikes. It was suggested of the nucleocapsid. It was previously shown that this
process was dependent on the presence of the E1 orthat the dissociation of the heterotrimeric spike (E1/E2)3
and the subsequent homooligomerization of E1 upon ex- spike ectodomain (9, 12). The proton influx into the virion
may prime the nucleocapsid for the uncoating process.posure to mildly acidic pH might be a prerequisite for
the pore formation (14) on the one hand and for fusion Thus, the penetration and uncoating of SFV may follow
a similar mechanism as it was proposed for influenzaactivity (6) on the other. Earlier it has been shown that
spikes composed of E1 and mutant p62 (p62*) (that can- virus uncoating (15). However, the data presented and
previous observations made by Garoff et al. exclude anot be cleaved into E2/E3) are fusion incompetent at pH
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